Chapter 12 


Three-Phase Transformer Design 
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Introduction 


Three-phase power is used almost exclusively for generation, transmission, and distribution, as well as for 
all industrial uses. It is also used on aircraft, both commercial and military. It has many advantages over 
single-phase power. The transformer can be made smaller and lighter for the same power handling 
capability, because the copper and iron are used more effectively. In circuitry, for conversion from ac to 
dc, the output contains a much lower ripple amplitude, and a higher frequency component, which is 3 times 


and 6 times the line frequency, and which, in turn, requires less filtering. 


Primary Circuit 


The two most commonly used primary circuits for three-phase transformers are the Star, or Y connection, 
as shown in Figure 12-1, and the other being known as the Delta (A) connection, as shown in Figure 12-2. 


The design requirement for each particular job dictates which method of connection will be used. 


Line, 1 
Line, 2 


Neutral 


Line, 3 


Figure 12-1. Three-Phase Transformer, Connected in Star. 


Figure 12-2. Three-Phase Transformer, Connected in Delta. 
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Comparing Transformer, Physical Size 
The schematic diagram in Figure 12-3, shows the connection of three single-phase transformers: (a) 
Operating from a three-phase power source and a single three-phase transformer; and (b) Operating from a 
three-phase power source connected in a delta-delta configuration. The single three-phase transformer, T4, 
would be lighter and smaller than a bank of three single-phase transformers of the same total rating. Since 
the windings of the three-phase transformer are placed on a common magnetic core, rather than on three 
independent cores, the consolidation results in an appreciable saving in the copper, the core, and the 


insulating materials. 


Tl 
deka 3 Wire = Three-Phase, 3 Wire 
Delta Output 
T3 
(a) 


& \A \ 

Three-Phase, 3 Wire Sear aey es 
Delta Input ee 

(b) 

Figure 12-3. Comparing Three Single-Phase Transformers Connected in Three-Phase Delta. 


A cutaway view of a single-phase transformer, showing the window area and iron area of two types of core 
configuration, is shown in Figure 12-4 and Figure 12-5. The EI lamination, shown in Figure 12-4, is 
known as a shell type, because it looks like the core surrounds the coil. The C core, shown in Figure 12-5, 


is known as a core type, because it looks like the coil surrounds the core. 
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Winding 


Side View 


Core c 


Side View 


Figure 12-5. Illustrating a Core Type Transformer. 


Cutaway views of a three-phase transformer are shown in Figure 12-6. These cross-sectional views show 
the window and iron areas. The three-legged core is designed to take advantage of the fact that, with 
balanced voltages impressed, the flux in each phase leg, adds up to zero. Therefore, no return leg is needed 
under normal conditions. When the transformer is subjected to unbalanced loads, or unbalanced line 


voltages, it may be best to use three single-phase transformers, because of the high-circulating currents. 


Core 
Side View gee Winding 


Top View 


Figure 12-6. Cutaway View of a Three-Phase Transformer. 
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Phase Current, Line Current, and Voltage in a Delta System 
In a Three-Phase Delta Circuit, such as the one shown in Figure 12-7, the line voltage and line current are 
commonly called phase voltage and phase current. The line voltage, Erin), will be the same as the actual 
winding voltage of the transformer. However, the line current, I(rine), is equal to the phase current, (phase), 
times the square root of 3. 
Tune) =[pnaseyV3> (amps) [12-1] 


phase) 


T (Line) 


E (Line, 1) 


Figure 12-7. Voltage and Current Relationship of a Three-Phase Delta Circuit. 


Phase Voltage, Line Voltage, and Current in a Wye System 
The relationship between the Line voltage, and Line current, and the winding, or Phase voltage and Phase 
current, in a Three-Phase Wye Circuit can be seen in Figure 12-8. In a Wye System, the voltage between 
any two wires in the line will always be the square root of three times the phase voltage, Eyphase), between 


the neutral, and any one of the lines. 


E vine) 
=) fvolts} [12-2] 


E phase) Ae 


E (Line, nf 
I (Line) 


Neutral 
E (Phase) 


E (Line, 3) | F (Line, 2) 


Figure 12-8. Voltage and Current Relationship for a Three-Phase Wye Circuit. 
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Comparing Multiphase and Single-Phase Power 


Three-phase power distribution has a significant advantage over the single-phase. Most high power 
equipment and industrial complexes will use three-phase power. One of the biggest advantages in using 
three-phase power distribution has to do with smaller magnetic components handling the same power as 
single-phase. This can be seen in aircraft, and shipboard equipment, as well as fixed ground installations. 
One of the basic reasons for selecting three-phase is the transformer size. Another reason is, if dc is a 
requirement, the capacitor and inductor filtering components are both smaller. The odd shape of a three- 
phase transformer could be troublesome, as well as keeping balanced loads to minimize circulating 


currents. 


The single-phase, full wave bridge circuit is shown in Figure 12-9. The ripple voltage frequency is always 
twice the line frequency. Only 50% of the total current flows through each rectifier. The three-phase, 
Delta full wave bridge circuit is shown in Figure 12-10. The ripple voltage frequency is always 6 times the 
line frequency. Only 33% of the total current flows through each rectifier. Looking at the ripple in Figure 


12-10, it is obvious the LC components will be smaller. 


—_»> Tc 
Tl V 
| “= aa 
t 
T 


Figure 12-9. Single-Phase Full Wave Bridge. 


Figure 12-10. Three-Phase, “Delta” Full Wave Bridge. 
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Multiphase Rectifier Circuits 
Table i2-1 lists voltage and current ratios for the circuits, shown in Figures 12-11 through Figures 12-14 
for inductive output filters. These ratios apply for sinusoidal ac input voltages. Values shown do not take 


into consideration voltage drops which occur in the power transformer or rectifier diodes. 


Table 12-1. Three-Phase Voltage and Current Ratios for Rectifier Circuits. 


Three Phase Rectifier Circuit Data 
Delta-Delta Full Wave, Figure 12-11 


Item Factor 
Primary VA 1.050 dc watts output 
Secondary V/ leg 0.740 _average dc output voltage 
Secondary I/leg _ 0.471 average dc output current 
Secondary VA 1.050 
Ripple Voltage % _ 
Ripple Frequenc 
a (ae Ee 7 es I ee ee 


Primary VA 1.050 dc watts output 
Secondary Line to Line ___0.740 average dc output voltage 
__ Secondary V/ leg 0.428 to Neutral average dc output voltage _ 
Secondary Weg __ sO oe average de output current 
dc watts output 


Primary VA 1.210 dc watts output 

Secondary Line to Line 0.740 : average dc output voltage _ 
Secondary V/ leg 0.855 to Neutral average dc output voltage 
Secondary I/leg 0.577 average dc output current 
Secondary VA 1.480 dc watts output 

Ripple Voltage % 

Ripple Frequenc 


Delta-Wye 6 Phase Half Wave, Figure 12-14 
Pree = MSI Oo os AE RCE Se ie th Goo 


Primary VA dc watts output 

Secondary Line to Line 1.480 average dc output voltage — 
Secondary V/ leg 0.740 to Neutral average dc output voltage 
Secondary I/leg 0.408 average de output current 
Secondary VA : dc watts output 

Ripple Voltage % 

Ripple Frequenc 6f 

Root mean square values to the average dc. 

Sine-wave , infinite inductance, no transformer or rectifier losses. 
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Figure 12-14. Three-Phase, “Delta-Wye” Six Phase Star. 
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Area Product, A,, and Core Geometry, K,, for Three-Phase Transformers 


The area product, A,, of a three-phase core is defined differently than that for a single-phase core. The 
window area, W,, and iron area, A,, for a single-phase transformer is shown in Figure 12-4 and 12-5. The 
window area, W,, and iron area, A,, for a three-phase transformer is shown in Figure 12-6. The area 
product, A,, of a core is the product of the available window area, W,, of the core in square centimeters 
(cm’) multiplied by the effective, cross-section area, A,, in square centimeters (cm’), which may be stated 
as: 
Single-phase: A,=W,A,, [cm*] [12-3] 

This is alright for a single-phase transformer. For three-phase transformers, because there are basically two 


windows area, W,, and three iron areas A,, the window utilization is different, and the area product, A,, 


changes to: 


Three-phase: A, -3( 44), [cm*] [12-4] 


This reduces to: 


A,=1.5(W,A,), [cm*] [12-5] 


pe 
It is basically the same thing for the core geometry, K,, for a single-phase transformer and the core 


geometry, K,, for a three-phase transformer. The core geometry, K,, for a single-phase transformer is: 


W.A?K 
Single-phase: K, (“ae 


MLE } {[cm°] [12-6] 


In the three-phase transformer, core geometry, K,, is: 


W\A-K 
Three-phase: K, =3}} —* |—=—“ |, [cm®] [12-7 
p 7 ( 5 Ss) [em] [12-7] 
This reduces to: 
WAK 
K, =1.5|—s#*+ | fom®] [12-8 
. MET {em’] [12-8] 
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Output Power Versus Apparent Power, P;, Capability 


The apparent power, P,, is described in detail in Chapter 7. The apparent power, P,, of a transformer is the 
combined power of the primary and secondary windings which handle, P;, and P,, to the load, respectively. 


Since the power transformer has to be designed to accommodate the primary, P;,, and the secondary, P,: 


P=P,+P, [watts] [12-9] 


P ae [watts] [12-10] 
7 
Substituting: 


P 
P=—+P, [watts] [12-11] 
7 


n=e{ tat}, [watts] [12-12] 
7 


The designer must be concerned with the apparent power handling capability, P,, of the transformer core 
and winding. The apparent power, P,, varies with the type of circuit in which the transformer is used. If the 
current in the rectifier is interrupted, its effective rms value changes. Transformer size is thus determined, 
not only by the load demand, but also by current wave shape. An example of the primary and secondary, 
VA, will be done to compare the power-handling capability required by each three-phase rectifier circuit in 
Table 12-1 and Figures 12-11 through 12-14. This comparison will negate transformer and diode losses so 


that P;, =P, (n = 1) for all three-phase rectifier circuits. 


1. Delta-Delta, Full Wave, Figure 12-11. 


P 
P =P (Fes, [watts] 
7] 


oO 


P=P [4 +105), [watts] [12-13] 
P=P,(2.1), [watts] 
2. Delta-Wye, Full Wave, Figure 12-12. 


P. 
P=Pf [Fes [watts] 
7] 


oO 


t oO 


a= [+105], [watts] [12-14] 


P =P,(2.1), [watts] 


Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved. 


3. Delta-Wye, Half Wave, Figure 12-13. 


P=P, [Fe+s,) [watts] 
n 


P (Stats), [watts] [12-15] 


P =P,(2.69), [watts] 


i o 


4. Delta-Wye, 6 Phase Half Wave, Figure 12-14. 


P 
R=P, (2+ Sy i [watts] 
U] 


n= ( +18), [watts] [12-16] 


P = P,(3.09), [watts] 


oO 


Relationship, K,, to Power Transformer Regulation Capability 


Although most transformers are designed for a given temperature rise, they can also be designed for a given 


regulation. The regulation and power-handling ability of a core are related to two constants: 


ee Oe 
e [12-17] 


oa = Regulation (%) [12-18] 


The constant, K,, is determined by the core geometry, which may be related by the following equations: 


=> 7 [cm’] 


WA? K, 
2K,a’ [12-19] 


K, =1.5| 
MLT 


The constant, K,, is determined by the magnetic and electric operating conditions, which may be related by 


the following equation: 


K, = 2.86? B? (10) [12-20] 


From the above, it can be seen that factors such as flux density, frequency of operation, and waveform 


coefficient, have an influence on the transformer size. 
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Relationship, A,, to Transformer Power Handling Capability 


According to the newly developed approach, the power handling capability of a core is related to its area 


product, A,, by an equation which may be stated as: 


P (10°) 
= » [cm’] 
K,K,B,J f [12-21] 
P(10° 
A 15(H7,4,)=— ee) , [em*] 
pK Bud f (12-22} 


Where: 


K fm waveform coefficient 
K, =4.0 square wave 


K f= 4.44 sine wave 


From the above, it can be seen that factors such as flux density, frequency of operation, and window 


utilization factor, K,, define the maximum space, which may be occupied by the copper in the window. 


Three-Phase Transformer, Design Example 


The following information is the Design specification for a three-phase, isolation transformer, using the, 


Kg, core geometry approach. 


Design specification: 


1. Input Volta ge, Vein iie25s oss thse.cgigeshishs Lear tev sceet ocpetdubentgedseonptienctbeveddeseeeestins 208 V, 3 Wire 
2: Output volta res Mg. ices se sde cee Pivesde eh ceesstenvcdecansehacsttongengeacnet lade stl svenscbetaasasde 28 V 

3. Output: Currents Ty: swhsticeceletacese tet dattseededs seoteoss abeichetabecesneney Se covenmeehugteitcs 10 amps 

4. Oripurt: Car Canseco eevee acti eab he enawid cg ravdeataate ody stoadbee cdetucensdeareveeattad Full Bridge 
Ds Tnputt:/: Omi putt secs Sasa ee seat tie ca tee desvte ante eevansed te Mies deeeeflceadeedl es Delta / Delta 
6. Frequency, Three! Phase, sv. ss.iieic.sdecies ceteeiecesessesvoecssadentevucaiscotadeiisssendes 60 hertz 

7. Erhicrency, 1) (LOO) isis ccesstieistt taeateeubeeni esses nes deneea tl aszecizh nade atavetlendd 95 % 

8. Repulationy G2 c.siteetisiee cA a einen iio ates 5% 

9. Flux: Density, Bicos:secsisesesseauek dcteteag deca tue teva ed ceatretg cas bees hud agegastioieass 1.4 tesla 

10;. “-Magnetic' Material, j.sileccsseihisetacddeti es cotlecesee copes Moog eg ectende te acvedecigespacens Silicon M6X 
11. Window Utilization Ky = (Kup + Kas) c.scsecesccseeeseseeeseeesneneseneseseatersenees 0.4 

12, ‘Diode. Dropy Vg sess etc See ghes tee ee eines bata Mee eens 1.0 volt 
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Step No. 1 Calculate the apparent power, P,. 


pe +1 05}, [watts] 
7 


P, =1,(V,+2V¥,) =(10)(30) = 300, [watts] 
P= 300{ 2? +1.05 [watts] 
0.95 
P =647, [watts] 
Step No. 2 Calculate the electrical conditions, K,. 

K, =2.86 f° B’ (10*) 

K, = 2.86(60)°(1.4)’ (10°) 

K, =2.02 


Step No. 3 Calculate the core geometry, Ky. 


P 
K,=—~., [cm’ 
© 2K [cm] 
647 : 
[cm’] 


Ke =3(2.02)(5)' 
K, =32, [cm’] 


Step No. 4 This data is taken from Chapter 3. The section is on, EI, Three-Phase Laminations. 


COTE MUMB EL Fare, sissies ase teeiee. Mes eee Gena 100EI-3P 

TOT WET STIS W ope nk och ate sek SEG 8 Aon Red ed tenes dhs tae cinebt cas bebans eb tedges ade epenbslatabeptebese 2.751 kilograms 
Mean length turn, MULT ooo... ccc ceecaeeseceeceneereeneeenavenseceesesesereseesseseaeeseeeeecseeesees 16.7 cm 
dron:areas.A ¢..c.ccoHt psi henies occas ee raheaia shel ee iid deat ede dha etaeaeeen Aeaae 6.129 cm? 
Wiamndow areas Wg fesse isk 25a ee cece cccegcncves Sea sanae di alwestnn ase candende cite aici cctastastoease 29.0 cm’ 

Area Product, Ais :..ceecsvecscicesasterasscoesvoesvescsnsessbtessansteaseledueiedanestisonstensleanttnserdsoredesnse 267cm* 

Core Beometrys Kgs. sacs. catscisteh csctali tits vaatecnnndasteseacbensentvis uotezastos Geoeeucenees iaeguenevectte 39 cm” 

SuUPACE ALEAAS fsck cessidiasics ces wal Godiva gun itis dhceathes tan de sadeotagusvederusisteosneassenteeeas 730 cm” 


Step No. 5 Calculate the number of primary turns, N,, using Faraday's Law. 


_Vstuiney(10" ) 
P  444B Af? 
208(10*) 
?  4.44(1.4)(6.129) (60) ’ 
N, =910, [turns] 


[turns] 


[turns] 
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Step No. 6 Calculate the primary line current, I): ine)- 


p{Line) = > [amps] 


BV Line)" 
1 2300 
otis)“ 3(208)(0.95)’ 
=0.506, [amps] 


[amps] 
T (Line) 
Step No. 7 Calculate the primary phase current, Ipphase): 


/ p( Line) 


I Phase) = V3 > [amps] 


0.506 
Ly Phase) = 74. > [amps] 


vi = 0.292, [amps] 


p( Phase) 


Step No. 8 Calculate the primary bare wire area, Ay,p). The window area available for the primary is, 


W,/4. The primary window utilization, K,, = 0.2. 


4(910) 
Avp(p) = 0.00159, [cm] 


Step No. 9 The selection of the wire would be from the Wire Table in Chapter 4. 


AWG #25 
Ap) = 9.001623, [cm’] 
A,.(ins) = 9-002002, [cm’] 


£e 
cm 


= 1062 


Step No.10 Calculate the primary winding resistance. Use the MLT, from Step 4, and the micro-ohm, 
per centimeter, found in Step 9. 


HQ 4 
R, -mir(w,)( 42 10 *), [ohms] 
R, =(16.7)(910)(1062)(10-°), [ohms] 
» =16.1, [ohms] 
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Step No.11 Calculate the total primary copper loss, P,. 


2 
P, =3(I(pnase)) Rp» [watts] 
P, =3(0.292)" (16.1), [watts] 


P, =4.12, [watts] 


Step No. 12 Calculate the secondary turns, N,. 


NUV. 
N, -ettf14 5), rere 
v, \ 100 


V, =(0.740)(V, + 2V, ) =(0.740)(28 +2) = 22.2 
n PONE 5 

: (208) 100 
N, =102, [turns] 


) [turns] 


Step No. 13 Calculate the secondary bare wire area, A,,p). 


dan) -[ SDE fom?) 


4(102) 
Ay.) = 9.0142, [cm”] 


Step No. 14 The selection of the wire will be from the Wire Table in Chapter 4. 


AWG #16 
Ag) = 9.01307, [em] 
A,ins) = 9.01473, [om*] 


HQ _ 139 
cm 


Step No.15 Calculate the secondary winding resistance, R,. Use the MLT, from Step 4, and the micro- 
ohm per centimeter, found in Step 14. 


R, =mir(w,){ 42 )(10°), [ohms] 
cm 


R, =(16.7)(102)(132)(10°), | [ohms] 
R, = 0.225, [ohms] 


Copyright © 2004 by Marcel Dekker, Inc. All Rights Reserved. 


Step No. 16 Calculate the secondary line current, I,qine). 


Isiiney =(0.471)7,, [amps] 
T,ciiney =(0.471)(10), [amps] 
Es cuine) =4.71, [amps] 


Step No. 17 Calculate the secondary phase current, Is¢phase)- 


- line 
Ti ghiivey al a > [amps] 
s( phase) = stil > [amps] 
1.73 


I = 2.72, [amps] 


5{ phase) 


Step No. 18 — Calculate the total secondary copper loss, P,. 


2 
P. =3(l,¢prase)) R,, [watts] 


P, =3(2.72) (0.225), [watts] 
P. =4,99, [watts] 


Step No. 19 — Calculate the transformer regulation, a. 


a =**(100), [%] 
f, 
PB, =P, +F,, [watts] 
P., =4.12+4.99, [watts] 
P,, =9.11, [watts] 
9.11 


a= (2 ](00), [%] 


a =3.03, [%] 
Step No. 20 Calculate the watts per kilogram. 
Watts/kilogram = K f(”) B”? 


Watts/kilogram = 0.000557(60)" 68) (1 40)"* 
Watts/kilogram = 1.01 


Step No.21 Calculate the core loss, Ps. Core weight, Wig, is found in Step 4. 


P,, = Watts/Kilogram(W,.), [watts] 
P,, =1.01(2.751), [watts] 
Py, = 2.78, [watts] 
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Step No. 22 Summarize the total transformer losses, Ps. 


Po =P, +h +P,, [watts] 
P, =4.12+4.99+2.78, [watts] 
B, =11.89, [watts] 


Step No. 23 Calculate the transformer efficiency, 1. 


= 100), [% 
7 PB +B ), [%] 
300 
-_- _ (100), 1% 
1S 


7 =96.2, [%] 


Step No. 24 Calculate the watts per unit area, y. The surface area, A,, is found in Step 4. 


Lp 


y= = , [watts per em? ] 
(11.89) 2 
[watts per cm* ] 


a aoe 


y = 0.0163, [watts per cm?] 


Step No. 25 Calculate the temperature rise, Ty. The watts per unit area y is found in Step 24. 


T.=450(y)", [°C] 
T, = 450(0.0163) "°°, [°C] 
T. =15, [°C] 


Step No. 26 Calculate the total window utilization, Ky. The window area is found in Step 4. 


Ripe Ky ths 


4N, Avn(ay2s) , 4Ns Avs(ay(t6) 


KS 
W, W, 


_ 4(910)(0.001623) F 4(102)(0.01307) 
De 29 29 


= (0.204) +(0.184) 
K, = 0.388 
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